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1684-1182/Copyright ª 2014, TaiwanAbstract Background: Trichomonas vaginalis is the etiologic agent of trichomoniasis, the
most common nonviral sexually transmitted disease in the world. This infection affects millions
of individuals worldwide annually. Although direct sexual contact is the most common mode of
transmission, increasing evidence indicates that T. vaginalis can survive in the external envi-
ronment and can be transmitted by contaminated utensils. We found that the growth of T. va-
ginalis under cold conditions is greatly inhibited, but recovers after placing these stressed cells
at the normal cultivation temperature of 37C. However, the mechanisms by which T. vaginalis
regulates this adaptive process are unclear.
Methods: An expressed sequence tag (EST) database generated from a complementary DNA li-
brary of T. vaginalis messenger RNAs expressed under cold-culture conditions (4C, TvC) was
compared with a previously published normal-cultured EST library (37C, TvE) to assess the
cold-stress responses of T. vaginalis.
Results: A total of 9780 clones were sequenced from the TvC library and were mapped to 2934
genes in the T. vaginalis genome. A total of 1254 genes were expressed in both the TvE and TvC
libraries, and 1680 genes were only found in the TvC library. A functional analysis showed that
cold temperature has effects on many cellular mechanisms, including increased H2O2egulation and Bioinformatics Laboratory, Department of Parasitology, College of Medicine, Chang
ad, Kwei-Shan, Taoyuan 333, Taiwan.
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Cold-stress response in Trichomonas vaginalis infection 663tolerance, activation of the ubiquitineproteasome system, induction of ironesulfur cluster as-
sembly, and reduced energy metabolism and enzyme expression.
Conclusion: The current study is the first large-scale transcriptomic analysis in cold-stressed T.
vaginalis and the results enhance our understanding of this important protist.
Copyright ª 2014, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. All rights
reserved.Introduction
Trichomoniasis, caused by the protozoan Trichomonas
vaginalis, is the most common nonviral sexually transmitted
disease (STD) in the world, and affects millions of people
worldwide annually.1 This infection is usually asymptomatic
in men,2 but symptoms in women can include vaginal
discharge, pruritus, odor, irritation, and edema or ery-
thema.3 Trichomoniasis is also associated with preterm
delivery in pregnant women, low infant birth weights,3
human immunodeficiency virus transmission,4,5 cervical
cancer,6 and prostate cancer.7 The clinical treatment of
trichomoniasis includes administration of metronidazole, a
5-nitroimidazole compound, which effectively eliminates T.
vaginalis infection,8 although increasing clinical cases of
drug-resistance isolates have demonstrated the need for
new drug development.9
It has long been known that T. vaginalis can be trans-
mitted directly between hosts by sexual contact. However,
cumulated evidence has shown that T. vaginalis may also
cause infections in people who have not engaged in sexual
activity, which implies a nonsexual route of T. vaginalis
transmission.10,11 For transmission through contaminated
utensils to be possible, T. vaginalis must have adaptive
mechanisms to the external environment. It was reported
that this protist has a strong cold tolerance and that it can
survive in culture medium for over 1 week at 4C in com-
parison with 2 days at normal-cultured temperature,
37C.12 Thermal stress is common to many cell types, and it
often triggers the expression of various genes and adaptive
responses. The principal cellular mechanisms of the cold-
stress response are reductions in the enzymatic reaction
rate, diffusion, and membrane transport, as well as the
inhibition of transcription and translation, increased pro-
tein denaturation and aggregation, and the disruption of
cytoskeletal elements.13
Currently, there are studies on the cold-adaptive
response of T. vaginalis. To gain insights into the gene-
expression reprogramming during cold-stressed condi-
tions, we performed large-scale genomic assays to iden-
tify expressed sequence tags (ESTs). The complementary
DNA (cDNA) library (TvC) was constructed from T. vagi-
nalis messenger RNAs (mRNAs) expressed during cultures
at cold temperature (4C). This gene-expression profile
was compared with a normal-cultured T. vaginalis EST
data set (TvE) published previously14 to assess the
changes in gene expression under cold-stressed conditions
and thereby analyze the cold-stress response of T.
vaginalis.Methods
Cell culture and counting
T. vaginalis C-1:NIH (ATCC strain 30001) was maintained
axenically at 37C in YI-S medium (pH 5.8) supplemented
with 10% heat-inactivated horse serum.15 For the cold
treatment, logarithmic-phase protists cultured at 37C
were transferred to a 4C culture for 4 hours. To determine
the proliferation ability of cold-stressed T. vaginalis,
approximately 2  105 cells/mL of normal-cultured protists
were placed in a 25C or 4C environment for different
periods and then returned to a 37C environment for
another 12 hours to recover. The number of viable cells
before and after the 37C recovery was counted by trypan
blue exclusion with hemocytometer.
cDNA library construction and ESTs sequencing
The RNA extraction, cDNA library construction, and the
sequencing of the tags were performed as previously
described.14 All sequences are available on European
Nucleotide Archive (http://www.ebi.ac.uk/ena/) with
accession numbers from LK985528 to LK995307.
Reverse transcription and quantitative polymerase
chain reaction
Total RNA was extracted from normal and cold-treated T.
vaginalis by TRIzol reagent as described earlier. Five mi-
crograms of extracted RNA was then used for reverse
transcription using SuperScript III first-strand synthesis
system (Invitrogen, Carlsbad, CA, U.S.A.) according to the
manufacturer’s instructions. The quantitative polymerase
chain reaction (qPCR) was carried out as previously
described,16 in which 50 ng of reverse transcription product
was mixed with Master Mix (Ampliqon A/S, Odense,
Denmark) and 0.5mM forward and reverse primers. These
primer sequences are listed in Table 1.
Proteasome activity assay
Analysis of proteasome activity was performed using the
proteasome activity fluorometric assay kit (BioVision Inc.,
Milpitas, CA, U.S.A.) according to the manufacturer’s in-
structions. In brief, 2  105 cells from normal and cold-
stressed cultures were lysed in 0.5% NP-40 and loaded
into a 96-well plate in paired wells. One microliter of MG-
Table 1 List of primers used in this study
Name Accession Forward primer Reverse primer
Superoxide dismutase TVAG_039980 TTAACACAGCACGCTGTCGAG AACATCAACCTTTTCTGGTGT
Superoxide dismutase TVAG_120340 CCTTACACAGCATGCTGTTGAGA CTCGACAGAGCCGAATTCCTTTGT
Thioredoxin peroxidase TVAG_114310 GCGCTAAGATCGCTAAGGAA AGCGAACTGGTAAGCCTTGA
Thioredoxin peroxidase TVAG_455310 ACTTGGGTGCGAGGTTCTTGGC TTGGACATGACGAATTATTCCTTGA
Lactate dehydrogenase TVAG_171090 AGACATCGACTGCGCATTCCTCGTC TGATGCGATCTCATAGTATGCTCT
Glucokinase TVAG_092750 AGAAGCTCACAGGCGAAGTC CTCGCAGGAGAGGGATGTAG
Enolase TVAG_464170 CTCCAGCTCTCAAGGGAATG TAGAAAGCCTTGGCGAGGTA
Phosphoglycerate mutase TVAG_209020 TGACAATCGAGCGTGTTCTC CGGAGGTTCTCATCAAGCTC
Alanine dehydrogenase TVAG_235800 CAGGAGTTAAGCCAGCCAAC TCAGCGTGTGGAAGTTCTTG
Hypothetical protein TVAG_455130 CCATGAAGGCCAGATTGTTT CCTGTGGTCTCTCGAGGAAG
Silence information regulator 2 TVAG_319320 ATGGAAGAACAAGTAGCAATGATGAGG CTAATTAAGGTCGTCAACGTCGACAGG
Longevity assurance gene TVAG_225230 TCTTGAGCAGCCACACCATCAATG CTTGTCGTTGTTGAAGAAAATTCTCTT
664 Y.-K. Fang et al.132 (proteasome inhibitor) was added into one of the
paired wells. One microliter of the substrate was added to
each well and the fluorescence intensities of the sample
(RFU or relative fluorescence units) and inhibitor control
(iRFU) were measured after incubation at 37C for 30 mi-
nutes and 60 minutes at Ex/Em Z 350/440 nm using a
multimode microplate reader (SpectraMax M2; Molecular
Devices). The RFU generated by proteasome activity was
calculated as follows:
DRFU Z (RFU60  iRFU60)  (RFU30  iRFU30). The activity
was then calculated by applying the DRFU to the plotted 7-
amino-4-methylcoumarin (AMC) standard curve.Results and discussion
Effects of cold stress on T. vaginalis proliferation
To accomplish the nonsexual transmission route, T. vagi-
nalis must overcome environmental stresses, such as tem-
perature, and preserve its activity for infection andFigure 1. Effects of cold temperature on Trichomonas vaginalis
stressed T. vaginalis, the numbers of viable cells of T. vaginalis cult
trypan blue exclusion. (B) For recovering experiments, T. vaginali
hours, 4 hours, or 6 hours. These cold-treated T. vaginalis cells were
normal-cultured protists (37C, no cold treatment). The number of
(black bars, 12 hours) recovery cultivation.proliferation. We observed the growth of normal and
cold-stressed T. vaginalis to determine the effects of cold
stress on parasite proliferation (Fig. 1A). The growth of
normal-cultured protists reached the highest cell density in
16 hours of cultivation at 37C with an initial density of
2  105 cells/mL, and the cells died after 36 hours. When
the same amount of protists were cultured at cold tem-
peratures (25C and 4C), the cell number showed a slight
decrease in the first 4 hours of cultivation, which is most
likely caused by the temperature shift, and the cells
remained alive during 72 hours of cultivation. The room
temperature (25C)-cultured protists showed significant
growth inhibition and only doubled their cell number once
within 72 hours, compared with a doubling time for normal-
cultured protists of 4 hours in the first 16 hours of cultiva-
tion. The growth of extreme cold (4C)-cultured T. vaginalis
was totally arrested, with an unchanged cell number
observed after 4 hours of cultivation.
To determine whether the cold-stressed T. vaginalis
were healthy and capable of infection, we performed a
recovery experiment to mimic the initiation phase ofproliferation. (A) To determine the proliferative ability of cold-
ured at different temperatures were measured every 4 hours by
s cells were cultured at cold temperatures (25C or 4C) for 2
then placed at 37C for 12-hour cultivation and compared with
viable cells were counted before (white bars, 0 hours) and after
Figure 2. Overview of complementary DNA libraries gener-
ated from normal (TvE) and cold-stressed (TvC) Trichomonas
vaginalis. (A) The sequenced tags from both libraries were
trimmed before mapping to the T. vaginalis genome. The
number of genes found in each library is shown, and 1254 genes
are expressed in both libraries. (B) The distribution of gene
numbers and expression levels of these genes from the TvE
(black bars) and the TvC (white bars) libraries are shown. Most
genes have expression levels <450 transcripts/million (91.86%
and 84.39% in the TvE and TvC libraries, respectively).
Tpm Z transcripts/million.
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returned cold-stressed protists to 37C cultivation and
observed their proliferative ability (Fig. 1B). Whether T.
vaginalis cells were cultured at 25C or 4C, these protists
showed no differences in cell number compared with
normal-cultured protists after a 12-hour recovery at 37C.
The only exception was that the group cultivated at 4C for
6 hours showed an approximately 15% decrease in cell
number, indicating that severe cold stress did affect T.
vaginalis proliferation, although these cold-stressed cells
were able to proliferate well. This result demonstrates that
T. vaginalis can survive under cold temperatures with no
significant effect on its proliferative ability observed upon
its return to a 37C environment, which is the normal
parasitizing environment temperature.
EST sequencing and mapping
We have previously constructed a cDNA library of normal-
cultured T. vaginalis (TvE).14 Approximately 10,000 clones
were randomly selected and sequenced in a cDNA library
constructed from the protists cultured at 4C (TvC). This
number was decreased to 9780 when vector sequences and
low-quality results were trimmed. We mapped these tags to
the T. vaginalis genome published previously17 and made a
gene-expression profile consisting of 2934 expressed genes
in the TvC (Fig. 2A). We found 1254 genes to be expressed
in both libraries, leaving 2668 and 1680 conditionally
expressed genes in the TvE and TvC libraries, respectively.
The high percentage of conditionally expressed genes (68%,
2668 of 3922 in the TvE library and 57%, 1680 of 2934 in the
TvC library) could be because of the many expanded gene
families in the T. vaginalis genome.17 A previous study
proposed that the expansion in the gene family may be
responsible for stress adaptation.18 For instance, of the 18
thioredoxins found in our EST libraries, seven were
expressed in both libraries, seven were cold specific, and
four were only found in the TvE.
We then normalized the expression levels of mapped
genes from ESTs into transcripts/million [tpm Z (ESTs of
one gene/total ESTs)  1,000,000] and the distribution is
plotted in Fig. 2B. There were an increased number of
genes with expression levels over 451 tpm, but not among
genes with expression levels lesser than 451 tpm. Together
with the fact that there were a lesser number of genes
found in the TvC (2934) than the TvE (3922) library, we
believe that the gene-expression-profile shift that occurs
during cold adaptation may result from cells reducing the
transcription of unnecessary low-transcript genes and
inducing the transcription of cold-adaptive genes for pre-
vention of extra wastes, reduction of stress damages, and
energy saving.
Functional annotation of cold-responsive genes
The genes with at least fivefold differences among the 1254
genes expressed in both libraries and the genes with an
expression level that was > 500 tpm of the other 4348
condition-specific expressed genes were selected as
significantly regulated and were classified by their func-
tions (Fig. 3 and Table 2). In total, 241 genes withsignificant differences in expression were identified: 171
genes were upregulated and another 70 were down-
regulated during cold stress. The most abundant portion of
the significantly regulated genes, approximately 29% (69 of
241), included proteins with no functional domains that
were annotated as hypothetical proteins, of which 45 were
upregulated and 24 downregulated. The second most
abundant portion of these 241 genes were transcription-
and translation-related genes (15.8%; 38 of 241), and they
consisted of 35 upregulated and three downregulated
genes. The ribosomal proteins were a major part of this
category, and corresponded to 31 genes that were upre-
gulated during cold stress. The proteins involved in carbo-
hydrate and energy metabolism were the most significantly
Figure 3. Functional categories of the highly regulated genes in cold-stressed Trichomonas vaginalis. The significantly regulated
genes were selected as described in the text and categorized by Gene Ontology (http://www.geneontology.org/). Upregulated
genes in the TvC library are shown as white bars, whereas downregulated genes in the TvC library are shown as black bars.
ISC Z ironesulfur cluster.
666 Y.-K. Fang et al.downregulated genes in the cold-stress response, with 15
cold-reduced genes. The genes involved in the oxygen-
scavenging system also stood out because of their great
induction by cold stress, with 12 genes marked as signifi-
cantly upregulated and none selected as significantly
downregulated. Interestingly, the longevity-associated
genes silent information regulator protein 2
(TVAG_319320) and longevity assurance gene
(TVAG_225230) were also found to be upregulated in cold-
stressed T. vaginalis. These two proteins play important
roles in longevity and stress resistance,19,20 and may also
participate in cold adaption in T. vaginalis. We also vali-
dated the EST results by quantitation of 12 selected genes
with qPCR (Fig. 4) and all qPCR results match well with the
EST result.Cold-responsive genes
Antioxidation
The expression of 12 genes involved in the oxygen-
scavenging system, including peroxiredoxin, superoxide
dismutase (SOD), thioredoxin, and thioredoxin peroxidase,
was significantly increased during cold stress. This induc-
tion indicated the importance of reactive oxygen species
(ROS) clearance of cold-stressed T. vaginalis, as previous
reports have indicated that cold stress induces free radical
production in other eukaryotes.21,22 SODs are enzymes
responsible for H2O2 clearance and two SOD genes were
induced in the TvC, which was confirmed by the qPCR result
(Fig. 4). The induced SOD expressions in cold-cultured T.vaginalis suggest a better ROS clearance ability and an
increased tolerance to H2O2 toxicity during cold stress. To
confirm this hypothesis, we added 5mM H2O2 in normal and
cold-stressed T. vaginalis and observed the survival rate of
the protists upon treatment with H2O2 for 90 minutes
(Fig. 5). Among normal-cultured protists, only approxi-
mately 10% of the cells survived after 60 minutes of H2O2
treatment and all cells died after 90 minutes, whereas in
cold-stressed T. vaginalis, there was at least a 50% survival
rate after 90 minutes of H2O2 treatment, except for protists
cultured at 25C for 2 hours and 4 hours, which had an
approximately 20% survival rate after 90 minutes of treat-
ment. This result demonstrated that T. vaginalis has an
increased H2O2 tolerance in the cold environment.
Energy metabolism
Glucose is the major energy source for trichomonads. Ma-
late or pyruvate are generated from glycolysis in the
cytosol, and they are transferred into the hydrogenosome
for adenosine triphosphate (ATP) production.23 Of the 135
glucose and energy metabolism-related genes found in our
EST data sets, there were 21 genes with significant differ-
ences (7 upregulated and 14 downregulated under cold
stress; Fig. 3) and 36 genes had from two- to fivefold dif-
ferences (10 upregulated and 26 downregulated). Each
glycolic enzyme had at least one significant downregulated
gene in cold-stressed T. vaginalis except for phosphoglu-
comutase (Fig. 6A). Although some upregulated expressions
were also found, glycolysis-related enzymes other than
lactate dehydrogenase (LDH) have lower or unchanged ex-
pressions in the TvC, which suggested an overall reduced
Table 2 List of significantly regulated genes in cold-stressed Trichomonas vaginalis
Name Accession TvE TvC
Amino acid metabolism
Aminotransferase TVAG_098820 525 0
Aminotransferase TVAG_388650 525 0
Antioxidation
Iron superoxide dismutase TVAG_039980 210 4555
Iron superoxide dismutase TVAG_337230 525 4279
Thiol peroxidase TVAG_165610 0 2484
Thiol peroxidase TVAG_165690 0 552
Thioredoxin TVAG_125500 105 552
Thioredoxin TVAG_145440 105 1104
Thioredoxin TVAG_232840 0 690
Thioredoxin TVAG_339630 105 552
Thioredoxin peroxidase TVAG_350540 0 828
Tryparedoxin peroxidase TVAG_038090 105 1380
Tryparedoxin peroxidase TVAG_075420 105 1656
Tryparedoxin peroxidase TVAG_455310 0 690
Carbohydrate metabolism
Galactokinase TVAG_487340 105 552
Glucokinase TVAG_397250 105 552
Glyceraldehyde 3-phosphate dehydrogenase TVAG_476100 105 1242
Glycerol-3-phosphate dehydrogenase TVAG_382880 0 552
Phosphoenolpyruvate carboxykinase TVAG_213710 0 690
Phosphoglucomutase TVAG_054830 105 690
Triosephosphate isomerase TVAG_497370 0 690
64-kDa Iron hydrogenase TVAG_037570 1470 138
Alcohol dehydrogenase TVAG_422780 3255 552
Enolase TVAG_464170 11761 276
Fructose-1,6-bisphosphate aldolase TVAG_043070 1155 0
Fructose-1,6-bisphosphate aldolase TVAG_360700 3150 414
L-Lactate dehydrogenase TVAG_171090 945 0
L-Lactate dehydrogenase TVAG_171100 525 0
Phosphoenolpyruvate carboxykinase TVAG_420390 1365 138
Phosphoenolpyruvate carboxykinase TVAG_479540 5986 966
Fructose 6-phosphate 1-phosphotransferase TVAG_364620 1365 0
Fructose 6-phosphate 1-phosphotransferase TVAG_430830 3465 690
Pyruvate kinase TVAG_373720 525 0
Pyruvate:ferredoxin oxidoreductase BI TVAG_230580 945 138
Pyruvate:ferredoxin oxidoreductase BII TVAG_242960 1995 276
FeS cluster assembly
IscA TVAG_055320 0 1242
IscU TVAG_432650 105 828
Hypothetical protein
Hypothetical protein TVAG_188710 0 552
Hypothetical protein TVAG_219470 0 2208
Hypothetical protein TVAG_219480 0 552
Hypothetical protein TVAG_310980 105 1104
Hypothetical protein TVAG_491130 0 552
Hypothetical protein TVAG_013750 0 552
Hypothetical protein TVAG_043470 0 552
Hypothetical protein TVAG_069300 0 828
Hypothetical protein TVAG_101840 210 1104
Hypothetical protein TVAG_102610 0 552
Hypothetical protein TVAG_111510 105 828
Hypothetical protein TVAG_116940 0 828
Hypothetical protein TVAG_119970 315 1656
Hypothetical protein TVAG_121140 105 552
Hypothetical protein TVAG_138360 0 552
Hypothetical protein TVAG_158760 0 552
Hypothetical protein TVAG_198300 0 690
Hypothetical protein TVAG_199230 105 690
Hypothetical protein TVAG_199550 105 1104
Hypothetical protein TVAG_208990 0 552
Hypothetical protein TVAG_220920 0 552
(continued on next page)
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Table 2 (continued )
Name Accession TvE TvC
Hypothetical protein TVAG_251250 105 1242
Hypothetical protein TVAG_255980 105 690
Hypothetical protein TVAG_263250 105 552
Hypothetical protein TVAG_265530 210 1518
Hypothetical protein TVAG_271580 0 552
Hypothetical protein TVAG_282990 0 1104
Hypothetical protein TVAG_321740 0 828
Hypothetical protein TVAG_344720 0 828
Hypothetical protein TVAG_356830 0 552
Hypothetical protein TVAG_371540 0 690
Hypothetical protein TVAG_379430 0 552
Hypothetical protein TVAG_391670 0 552
Hypothetical protein TVAG_401900 105 690
Hypothetical protein TVAG_440110 105 552
Hypothetical protein TVAG_450220 0 552
Hypothetical protein TVAG_452020 105 966
Hypothetical protein TVAG_467740 0 552
Hypothetical protein TVAG_476220 105 690
Hypothetical protein TVAG_485970 0 552
Hypothetical protein TVAG_491150 0 552
Hypothetical protein TVAG_498870 0 552
Hypothetical protein TVAG_524390 0 690
Hypothetical protein TVAG_542470 0 690
Hypothetical protein TVAG_575220 105 690
Hypothetical protein TVAG_000810 630 0
Hypothetical protein TVAG_293510 525 0
Hypothetical protein TVAG_396480 840 138
Hypothetical protein TVAG_032440 735 0
Hypothetical protein TVAG_045310 945 0
Hypothetical protein TVAG_072570 630 0
Hypothetical protein TVAG_098360 735 138
Hypothetical protein TVAG_108920 1155 0
Hypothetical protein TVAG_150430 630 0
Hypothetical protein TVAG_157860 525 0
Hypothetical protein TVAG_218820 840 0
Hypothetical protein TVAG_230100 525 0
Hypothetical protein TVAG_249850 525 0
Hypothetical protein TVAG_262750 1890 276
Hypothetical protein TVAG_340570 945 0
Hypothetical protein TVAG_361410 525 0
Hypothetical protein TVAG_367150 525 0
Hypothetical protein TVAG_385550 735 138
Hypothetical protein TVAG_386680 1155 0
Hypothetical protein TVAG_395550 1470 138
Hypothetical protein TVAG_414760 525 0
Hypothetical protein TVAG_420260 2415 138
Hypothetical protein TVAG_473230 945 0
Hypothetical protein TVAG_569540 945 0
Kinase and phosphatase
CAMK TVAG_104440 0 1380
CMGC kinase TVAG_080440 105 552
2-Deoxyglucose-6-phosphate phosphatase TVAG_133950 105 828
PIKK family atypical protein kinase TVAG_359910 0 552
Ser/Thr protein phosphatase TVAG_008650 105 690
Ser/Thr protein phosphatase TVAG_301840 0 690
TKL kinase TVAG_035440 105 552
Histidine acid phosphatase TVAG_218790 735 0
Histidine acid phosphatase TVAG_218800 2520 0
Membrane and vesicular transport
Calcium motive P-type ATPase TVAG_074420 0 690
Clathrin and VPS domain-containing protein TVAG_369020 105 690
Adaptor complexes medium subunit TVAG_333150 735 0
Clathrin and VPS domain-containing protein TVAG_558650 1050 138
Miscellaneous
14-3-3 protein TVAG_256840 105 552
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Table 2 (continued )
Name Accession TvE TvC
4-Carboxymuconolactone decarboxylase TVAG_256720 0 690
Alpha-tubulin 1 TVAG_196270 525 2899
Alpha-tubulin 1 TVAG_523980 105 966
Cofilin/tropomyosin-type actin-binding protein TVAG_192620 210 1242
Mitotic apparatus protein TVAG_160470 105 552
Actin TVAG_310030 2835 552
Actin TVAG_512800 630 0
Beta-tubulin TVAG_073810 735 0
Intermediate dynein chain TVAG_237760 630 0
Calcium-binding protein TVAG_210960 0 552
Dedicator of cytokinesis TVAG_073990 0 552
Histone H2A-IV TVAG_045400 105 552
Histone H2A-IV TVAG_105970 0 966
Histone H2A-IV TVAG_144030 0 690
Histone H2A-IV TVAG_462660 105 552
Histone H2B TVAG_026390 105 690
Histone H3-1 TVAG_341360 105 828
Formate/nitrite transporter TVAG_440840 105 552
Hydroxylamine reductase TVAG_336320 105 1380
Ketopantoate reductase PanE/ApbA TVAG_538040 105 690
Longevity assurance protein TVAG_225230 105 1380
Methyltransferase TVAG_466240 0 690
NAC domain-containing protein TVAG_435990 210 1932
NAD-dependent epimerase/dehydratase TVAG_414560 0 552
Nucleotidyltransferase TVAG_178210 105 552
Ornithine cyclodeaminase/mu-crystallin TVAG_419590 0 690
PH domain-containing protein TVAG_114300 0 552
Purine nucleoside phosphorylase TVAG_454490 210 2484
QXW lectin repeat TVAG_468280 105 552
Ras TVAG_331490 0 690
Silent information regulator 2-like protein TVAG_319320 0 828
Small GTP-binding protein TVAG_075460 0 1242
Small GTP-binding protein TVAG_389580 0 552
Surface protein TVAG_221990 0 1656
Tetraspanin TVAG_019180 0 690
Tvp15 TVAG_329690 0 552
UTPdglucose-1-phosphate uridylyltransferase TVAG_247480 0 828
4-Alpha-glucanotransferase TVAG_226870 735 0
Adenosine deaminase TVAG_416510 525 0
Asparaginyl-tRNA synthetase TVAG_156640 945 138
Calreticulin TVAG_464010 1260 0
Glycosyl hydrolases family 25 protein TVAG_088640 735 0
Nucleoside transporter TVAG_271570 2205 414
Ornithine carbamoyltransferase TVAG_041310 840 138
Protein folding and modification
DnaJ domain-containing protein TVAG_317210 105 552
HSP20/alpha crystallin TVAG_381290 0 690
Polyubiquitin TVAG_019240 0 966
Polyubiquitin TVAG_069570 0 828
Polyubiquitin TVAG_110540 105 1242
Polyubiquitin TVAG_159980 210 1104
Polyubiquitin TVAG_174180 0 690
Polyubiquitin TVAG_184170 0 1104
Polyubiquitin TVAG_264700 630 3451
Polyubiquitin TVAG_331660 0 690
Polyubiquitin TVAG_441950 105 552
Ubiquitin fusion degradation protein TVAG_024980 105 552
Chaperonin subunit zeta TVAG_303600 525 0
HSP70 TVAG_044510 1575 138
HSP70 TVAG_151220 525 0
HSP70 TVAG_397610 735 0
HSP70 TVAG_206270 525 0
HSP70 TVAG_237140 525 0
(continued on next page)
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Table 2 (continued )
Name Accession TvE TvC
Proteolysis
Cathepsin L-like cysteine peptidase TVAG_202090 210 2070
Ubiquitin hydrolase-like cysteine peptidase TVAG_296140 105 552
Asparaginyl endopeptidase-like cysteine peptidase TVAG_305110 0 552
Poh1-like metallopeptidase TVAG_124160 0 552
Rhomboid-like serine peptidase TVAG_282180 105 552
Proteasome alpha subunit, threonine peptidase TVAG_206040 105 1104
Proteasome alpha subunit, threonine peptidase TVAG_340740 105 966
Proteasome beta subunit, threonine peptidase TVAG_231360 0 552
Proteasome beta subunit, threonine peptidase TVAG_290960 105 690
Proteasome beta subunit, threonine peptidase TVAG_403280 0 552
PCI domain-containing protein TVAG_371680 0 552
PCI domain-containing protein TVAG_388670 105 966
PCI domain-containing protein TVAG_438030 105 552
Proteasome endopeptidase complex TVAG_115420 0 552
Proteasome/cyclosome repeat TVAG_231160 105 690
ATP-dependent Zn protease TVAG_212500 630 0
Cathepsin D-like aspartic peptidase TVAG_336300 525 0
Leishmanolysin-like metallopeptidase TVAG_367130 525 0
Aminopeptidase P-like metallopeptidase TVAG_437930 840 138
Cysteine protease TVAG_369140 630 0
Cysteine protease TVAG_569810 735 0
Transcription and translation
40S Ribosomal protein S13 TVAG_076150 0 552
40S Ribosomal protein S16 TVAG_036300 0 552
40S Ribosomal protein S26 TVAG_040120 105 552
40S Ribosomal protein S26 TVAG_164600 105 552
40S Ribosomal protein S26 TVAG_335820 0 552
40S Ribosomal protein S5 TVAG_471390 0 552
60S Ribosomal protein L19-3 TVAG_006170 105 552
60S Ribosomal protein L19-3 TVAG_185170 105 1242
60S Ribosomal protein L23 TVAG_345440 0 552
Eukaryotic translation initiation factor TVAG_380910 420 2761
Myb-like TVAG_336370 0 552
Myb-like TVAG_419710 0 690
Ribosomal protein TVAG_074610 105 828
Ribosomal protein TVAG_437020 315 2484
Ribosomal protein L13e TVAG_438370 105 690
Ribosomal protein L21e TVAG_231250 105 552
Ribosomal protein L21e TVAG_277060 105 966
Ribosomal protein L23 TVAG_224750 105 552
Ribosomal protein L24 TVAG_078160 105 828
Ribosomal protein L24 TVAG_389320 0 966
Ribosomal protein L29 TVAG_158830 105 552
Ribosomal protein L32 TVAG_313290 105 828
Ribosomal protein L32 TVAG_470330 105 552
Ribosomal protein L35Ae TVAG_114810 0 552
Ribosomal protein L7Ae TVAG_009840 210 1656
Ribosomal protein L8 TVAG_371270 0 552
Ribosomal protein S13p/S18e TVAG_487930 0 552
Ribosomal protein S14 TVAG_464120 105 552
Ribosomal protein S19e TVAG_352560 105 552
Ribosomal protein S19e TVAG_352580 105 552
Ribosomal protein S19e TVAG_352600 105 690
Ribosomal protein S24e TVAG_272980 0 552
Ribosomal protein S3Ae TVAG_047460 105 690
Ribosomal protein S3Ae TVAG_142060 0 552
Translation elongation factor 1 beta TVAG_453990 105 552
16S Ribosomal RNA TVAG_592560 735 0
40S Ribosomal protein S4eC TVAG_583060 735 0
Ribosomal protein L10 TVAG_158130 525 0
ATPZ adenosine triphosphate; ATPaseZ adenosine triphosphatase; CAMKZ calmodulin-dependent protein kinase; GTPZ guanosine
triphosphate; HSP Z heat-shock protein; NAD Z nicotinamide adenine dinucleotide; PCI Z proteasome, COP9, initiation factor-3;
PIKK Z phosphatidylinositol 3-kinase-related kinase; TKL Z tyrosine kinase-like; tRNA Z transfer RNA; UTP Z uridine triphosphate;
VPS Z vacuolar protein sorting.
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Figure 4. Validation of the expressed sequence tag results by quantitative polymerase chain reaction (qPCR). The qPCR results
(in fold change) for selected genes in normal (37C, black bars) and cold-stressed (4C for 4 hours, white bars) Trichomonas
vaginalis are presented. The identification numbers are given after the gene name in each label. SOD, TrxP, Sir2, and LAG are cold
induced in TvC; RBR, AlaDHs, and one hypothetical protein are not significantly regulated; LDH, GK, Enol, and PGlyM are cold
reduced in TvC. AlaDH Z alanine dehydrogenase; Enol Z enolase; GK Z glucokinase; HYP Z hypothetical protein;
LAG Z longevity assurance gene; LDH Z lactate dehydrogenase; PGlyM Z phosphoglycerate mutase; RBR = rubrerythrin;
Sir2 Z silent information regulator protein 2; SOD Z superoxide dismutase; TrxP Z thioredoxin peroxidase.
Figure 5. The tolerance to H2O2 toxicity in cold-stressed
Trichomonas vaginalis. To determine the effects of H2O2 on
normal and cold-stressed T. vaginalis, protists were exposed to
cold temperatures for different periods. These stressed cells
were then treated with 5mM H2O2, and the cell density was
documented every 30 minutes.
Cold-stress response in Trichomonas vaginalis infection 671activity during cold stress. The decreased expression of
metabolic enzymes (Fig. 6) was similar to previous studies,
which demonstrated that cold stress downregulates the
expression of carbohydrate metabolism-related genes.24,25
Interestingly, only one LDH (TVAG_381310) was expressed
in the TvC library with a significantly upregulated expres-
sion difference of 4360 tpm, whereas the other three LDHs
showed a total expression of 1575 tpm in the TvE library
only. This result suggests that lactate metabolism may be
induced during cold stress. In a psychrotrophic Rhizobium
strain, a switchover of respiratory metabolism from aerobic
to anaerobic was found during cold stress, in which the
activity of LDH was significantly induced.26 Although T.
vaginalis has no aerobic respiratory metabolism, the
induced LDH expression suggests a common cold adaption
in energy metabolism.
T. vaginalis uses hydrogenosomes for ATP synthesis
instead of mitochondria. Malate or pyruvate is transferred
into hydrogenosomes and the reaction is catalyzed by a
series of enzymes to produce ATP and hydrogen.23 The
enzymes of pyruvate metabolism in hydrogenosomes were
decreased in our EST libraries (Fig. 6B). Although succinate
thiokinase (also known as succinate-coenzyme A ligase) had
several upregulated homologues during cold stress, the
total expression levels of these genes were unchanged.
Together, these results suggested decreased metabolic
Figure 6. The expression of genes involved in (A) glycolysis and (B) hydrogenosome metabolism of Trichomonas vaginalis under
cold-stress conditions. The differences in the expressions of genes involved in the metabolism pathways in the cytosol and hydro-
genosome of T. vaginalis. Each square with an identification number indicates one gene in the T. vaginalis genome. The red and green
colors represent upregulated and downregulated expression, respectively, in the TvC library compared with the TvE library.
ADH Z alcohol dehydrogenase; ADP Z adenosine diphosphate; AK = adenylate kinase; AMP Z adenosine monophosphate;
ASCT Z acetyl:succinate coenzyme A-transferase; ATP Z adenosine triphosphate; CoA Z -coenzyme A; FBPA Z fructose-1,6-
bisphosphate aldolase; GAPDH Z glyceraldehyde 3-phosphate dehydrogenase; GK Z glucokinase; GP Z glycogen phosphorylase;
GPI Z glycogen phosphorylase inhibitor; LDH Z lactate dehydrogenase; MDH Z malate dehydrogenase; ME Z malic enzyme;
NADH Z nicotinamide adenine dinucleotide þ hydrogen; PEPCK Z phosphoenolpyruvate carboxykinase;
PFKZ phosphofructokinase; PGKZ phosphoglycerate kinase; PGluMZ phosphogluco mutase; PGlyMZ phosphoglycerate mutase;
PPDKZ pyruvate phosphate dikinase; PYKZ pyruvate kinase; STKZ serine/threonine kinase.
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Figure 6. (continued).
Cold-stress response in Trichomonas vaginalis infection 673activity in both the cytosol and the hydrogenosomes of
cold-stressed T. vaginalis.
Ironesulfur cluster assembly
The iron-dependent energy metabolism in T. vaginalis
hydrogenosomes is catalyzed by several ironesulfur cluster
(ISC)-containing proteins (FeS proteins).27,28 The formation
of the metal core in T. vaginalis is located in hydro-
genosomes with a mitochondrial-type ISC assembly sys-
tem.29 A total of six ISC assembly proteins were identified in
the TvE and the TvC libraries. Although these genes
exhibited a low mRNA expression level (usually < 500 tpm),
the expression levels of all six genes were upregulated
during the cold stress, including two significantly upregu-
lated genes, IscA (TVAG_055320) and IscU (TVAG_432650;
Fig. 6B). This result indicates that the FeS assembly ma-
chinery was induced under cold stress in T. vaginalis.
However, the abundant FeS proteins in T. vaginalis are
enzymes involved in hydrogenosomal energy metabolism,
such as pyruvate:ferredoxin oxidoreductase and iron hy-
drogenase, which showed significant downregulation during
cold stress. This controversial phenomenon was also found
in iron-restricted T. vaginalis.30 Therefore, the common
induction of the ISC system under stresses such as iron
deficiency or cold temperature is very likely due to the
need for stress-adaptive genes that support T. vaginalis
survival.Protein chaperones
The well-known protein chaperone heat-shock protein
(HSP) is induced by elevated temperatures to protect pro-
teins from misfolding and aggregating. However, HSP is also
highly expressed in cells responding to low temperature,
such as human keratinocytes, suggesting the importance of
proper protein folding in cold-stressed cells.31 However,
the chaperones, which mainly are HSPs, showed a total
decreased expression in the TvC library. Among the 66
chaperones found in our EST libraries, only two were
significantly upregulated (HSP20, TVAG_381290 and HSP40,
TVAG_317210), whereas six were significantly down-
regulated (5 HSP70s, TVAG_044510, 151220, 206270,
237140, and 397610, and a chaperonin subunit zeta,
TVAG_303600). A previous study showed that HSP70-
mediated clearance of misfolded proteins is activated in
the acute phase of stress response and is in a substrate-
dependent manner.32 This suggests that the level of mis-
folded proteins of cold adaption in T. vaginalis is low at the
time point we observed.
Ubiquitineproteasome system
Ubiquitination is an important post-translational cellular
modification. There were 54 ubiquitins and
ubiquitination-related proteins found in TvE and TvC, and
of these, 10 were significantly upregulated during cold
stress. The ubiquitineproteasome system (UPS) is
Figure 7. Cold induces proteasome activity in Trichomonas
vaginalis. Approximately 2  105 cells of normal and cold-
stressed T. vaginalis cultures were collected and their pro-
teasome activity was measured using a fluorescent 7-amino-4-
methylcoumarin (AMC)-tagged substrate. One unit of protea-
some activity Z 1 nmol of AMC generated/minute at 37C.
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proteins in stressed cells.33 Seven of the 15 proteolysis-
related genes were proteasome subunits that were
significantly upregulated during cold stress. The induction
of ubiquitination- and proteasome-related proteins in the
TvC suggested an active UPS in cold-stressed T. vaginalis.
We used a fluorescent AMC-tagged substrate to measure
the proteasome activity of normal and cold-stressed T.
vaginalis (Fig. 7). Consistent with the EST result, cold
stress induces proteasome activity in this protist. The
induced ubiquitin expression and proteasome activity
suggested that the UPS is activated in cold-stressed T.
vaginalis.
Kinases and phosphatases
We identified 182 kinases and 61 phosphatases in our EST
libraries. Among them, four protein kinases were signifi-
cantly upregulated in the cold-stressed T. vaginalis. There
were also three significantly upregulated and two down-
regulated phosphatases in the TvC. The signaling mediated
by these stress-responded kinases and phosphatases may
play an important role in cold adaptation of T. vaginalis.
The T. vaginalis kinome is one of the largest kinomes to
date, which contains > 800 protein kinases, making it
difficult to study.17 A previous study on T. vaginalis phos-
phoproteome provides valuable information about cell
signaling.34 We observed that 33 proteins could be phos-
phorylated in our EST libraries, of which two were signifi-
cantly upregulated (14-3-3 protein, TVAG_256840 and
hypothetical protein, TVAG_101840). The 14-3-3 protein is
an important protein involved in many cellular processes,
including cell cycle, cell signaling, transcription, and manyothers.35 The induction of 14-3-3 expression makes it a
potential candidate for studying adaptive signaling during
cold stress.
Transcription and translation
Myb is an important transcription factor in T. vaginalis that
controls the expression of many iron-dependent genes,
such as adhesion protein AP65, malic enzyme,36,37 and
perhaps, IscS and IscA.38 Although most of the 76 Myb-like
proteins found in our EST libraries showed no significant
differences during cold stress, the two upregulated Mybs,
TVAG_336370 and 419710, suggested the participation of
Mybs in cold adaption of T. vaginalis, which needs further
investigation to verify the regulatory network.
Trichomoniasis caused by T. vaginalis is the most com-
mon nonviral STD, but there is evidence that a nonsexual
route of transmission exits for trichomoniasis. However,
relatively little is known about the responses of T. vaginalis
to the external environment. Here, we not only provide
evidence that T. vaginalis can survive under cold temper-
atures with proliferative ability but also give valuable in-
sights into the gene-expression profile of T. vaginalis during
cold stress. By transcriptomic analysis, we found that cold
stress affects various changes in the expression of T. vagi-
nalis genes that are involved in many different cellular
processes, including energy metabolism, oxygen-
scavenging system, transcription, translation, and pro-
cessing by the UPS.
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